The rewarding effect produced by electrical stimulation of some lateral hypothalamic sites is modulated by chronic food restriction and weight loss. The sensitivity of the rewarding effect to restriction predicts the modulation of brain stimulation reward (BSR) by the adiposity hormone, leptin. The present study examined the effect of corticotropin-releasing hormone (CRH) on the rewarding effect of stimulating restriction-sensitive and restriction-insensitive sites. Chronic food restriction reduced frequency thresholds for BSR in half of the subjects but had no effect in the others. CRH increased thresholds only in subjects in which the rewarding effect was insensitive to restriction. In contrast, frequency thresholds remained stable in nearly all rats with restriction-sensitive stimulation sites. These findings provide further evidence that sensitivity to food restriction is an important factor in determining the influence of hormones and neuropeptides on brain reward circuitry.
Weight loss due to chronic food restriction enhances the rewarding effect produced by electrical stimulation of certain sites in the lateral hypothalamus (LH; Blundell & Herberg, 1968; Carr & Wolinsky, 1993; Fulton, Woodside, & Shizgal, 2000, in press ) but fails to alter the rewarding effect of stimulating neighboring LH sites. Thus, manipulation of energy stores appears to exert a modulatory influence on signals arising in a subpopulation of reward-related neurons. Given that activation of reward-relevant neurons has been implicated in the control of goal-directed behavior, variations in energy states may influence choice among goal objects by modulating the activity of this subpopulation of neurons (Shizgal, Fulton, & Woodside, 2002) . If so, molecules involved in signaling the state of energy reserves to central circuitry would be expected to alter the rewarding impact of these restriction-sensitive neurons.
In support of this hypothesis, we have recently shown that intraventricular administration of leptin, the protein product of the obesity gene, decreases the reward efficacy of LH stimulation at restriction-sensitive sites, but not at restriction-insensitive sites (Fulton et al., 2000) . Thus, it appears that leptin reduces the impact of stimulating the restriction-sensitive subpopulation and may contribute to coupling the state of peripheral fat stores to the sensitivity of the restriction-sensitive pathway. In contrast to the effects of chronic food restriction and leptin administration, reduction of metabolic fuel availability (Cabeza de Vaca, Holiman, & Carr, 1998) or short-term food deprivation (Fulton et al., 2000) fails to change the rewarding effect of stimulating restriction-sensitive neurons. Thus, only a subset of challenges to energy balance, likely those that modify long-term signals, are capable of modulating this pathway.
The identification of leptin looms large among recent discoveries concerning hormones, neuropeptides, and neural pathways that contribute to the regulation of food intake and energy balance. This hormone, which is produced principally in adipocytes, is implicated in the control of feeding, energy expenditure, and reproduction (Ahima et al., 1996; Halaas et al., 1995; Pelleymounter et al., 1995) . Through its action on hypothalamic and hindbrain neurons and their efferents, leptin modulates the release of a variety of neuropeptides, including corticotropin-releasing hormone (CRH; Grill & Kaplan, 2002; Schwartz, Woods, Porte, Seeley, & Baskin, 2000) . Leptin can suppress the synthesis (Huang, Rivest, & Richard, 1998 ) and secretion (Heiman, Ahima, et al., 1997; Heiman, Chen, & Caro, 1998) of hypophysiotropic CRH. In contrast, direct stimulation of CRH release and CRH receptor up-regulation in hypothalamic and limbic tissues in response to leptin has been reported (Schwartz, Seeley, Campfield, Burn, & Baskin, 1996; Uehara, Shimizu, Ohtani, Sato, & Mori, 1998) presumably in nonhypophysiotropic neurons.
In addition to its fundamental role in the stress response, there is abundant evidence tying the actions of CRH to the control of food intake and energy expenditure (Richard, Huang, & Timofeeva, 2000; Watts, Sanchez-Watts, & Kelly, 1999) . For example, intraventricular administration of CRH promotes a state of negative energy balance by lowering food intake (Britton, Koob, Rivier, & Vale, 1982; Morley & Levine, 1982) and stimulating thermogenesis (LeFeuvre, Rothwell, & Stock, 1987) . Both CRH and its two known receptor subtypes, CRH 1 and CRH 2, are distributed throughout brain regions implicated in energy balance, including hypothalamic nuclei such as the paraventricular nucleus (PVN), ventromedial nucleus (VMN) and LH (Grigoriadis, Lovenberg, Chalmers, Liaw, & De Souze, 1996) , and brainstem nuclei such as the nucleus of the solitary tract (NTS) and the parabrachial nucleus (Bittencourt & Sawchenko, 2000) .
The purpose of this study was to explore the role of CRH in the modulation of brain reward circuitry by assessing the effects of central CRH administration on LH self-stimulation. It was of particular interest to determine whether CRH alters selfstimulation of restriction-sensitive sites in a manner similar to the effect of leptin and whether, as is the case with leptin, the influence of this neuropeptide on brain stimulation reward (BSR) differs at restriction-sensitive and restriction-insensitive sites.
Method

Subjects
Subjects were male Long-Evans rats from the Charles River Breeding Farms (St. Constant, Quebec), weighing between 400 and 500 g at the time of surgery. Each rat was housed individually in plastic solid-floor cages with ad lib access to food and water. All subjects were kept in a temperature-controlled room under a reverse 12-hr light-dark cycle that switched at 8 a.m.. All behavioral testing was performed in the middle of the dark phase of the cycle.
Surgery
Before surgery, rats were administered atropine sulfate (0.5 mg/kg sc) to reduce bronchial secretions and were anesthetized with sodium pentobarbital anesthesia (Somnotol, 65 mg/kg ip). With bregma and lambda at the same horizontal coordinates, bilateral, monopolar electrodes were aimed at the perifornical region of the LH (3 mm posterior to bregma, 1.6 mm lateral to the midsagittal sinus, 7.8 mm below the dura mater), and a 24-gauge stainless steel guide cannula (Plastics One, Roanoke, VA) was aimed at the right lateral ventricle (0.4 mm posterior to bregma, 1.6 mm lateral to the midsagittal sinus, 4 mm below the dura mater). The electrodes were constructed from 00 insect pins and were insulated with Formvar to within 0.5 mm of the tip. A wire twisted around two jeweler's screws implanted in the cranium served as the current return. The electrodes and cannula assembly were bonded to the skull and screw anchors by means of dental acrylic. The intraventricular cannula was then closed with a removable obturator. To reduce postoperative pain, Buprenorphine (Buprenex, 0.05 mg/kg sc) was administered once after surgery.
Apparatus
Subjects were screened for self-stimulation in wooden boxes (25 cm long ϫ 25 cm wide ϫ 70 cm high) with Plexiglas front panels and wire mesh floors. A lever, positioned 3 cm above the floor, protruded from the middle of one wall, and a key light positioned 5 cm above the lever signaled the availability of the reward. Electrical stimulation was generated by dual constant-current amplifiers and controlled by hand-operated circuit pulse generators. Depression of the lever triggered the stimulator. The connector on the rat's head was linked to the stimulator via a flexible lead and a seven-channel slip-ring located at the top of the test chamber.
The experimental sessions took place in a room that housed the computer-controlled stimulators. Test chambers were similar to those used for training except they were constructed entirely of Plexiglas and equipped with a ceiling-mounted white houselight. Each test chamber was enclosed in a plywood enclosure (50 cm long ϫ 50 cm wide ϫ 90 cm high) lined with sound-attenuating foam. Stimulation trains were generated by microprocessor-controlled circuitry and monitored on an oscilloscope in an adjoining room. Subjects were monitored during testing by means of a remote-controlled video camera.
Procedure and Design
BSR procedure. Rats were shaped to leverpress for a 0.5-s train of cathodal, rectangular, constant-current pulses, 0.1 ms in duration, on a continuous reinforcement schedule. Initially, stimulation parameters were set to low currents and frequencies. If the rat displayed signs of aversion, training was discontinued; otherwise, the subject was shaped to press the lever. Stimulation frequencies (pulses per second) were adjusted to produce optimal levels of responding at a current that remained fixed for each rat, ranging between 100 and 400 A. Self-stimulation of both sites was assessed, and the electrode that supported the most vigorous leverpressing in the absence of motoric side effects was chosen for further testing.
After initial training, the subjects were trained in the computercontrolled testing setup to respond for a descending series of stimulation frequencies, on a 0.5-s fixed-interval schedule of reinforcement. The stimulation current was held constant throughout testing, within the range used for initial training. The stimulation frequency was decreased from trial to trial in steps of 0.033 log 10 units (ϳ8%) to generate curves that related the rate at which rewards were earned to the stimulation frequency ("ratefrequency" curves). Each frequency was available during a single 60-s trial that was preceded by a 10-s intertrial interval, during which five priming (noncontingent) trains of stimulation were delivered; the priming trains were identical to those available during the trial. Stimulation frequencies were adjusted so as to produce maximal (asymptotic) responding during the first few trials of each frequency sweep. A rate-frequency curve was deemed complete when the rats emitted fewer than five responses on each of two consecutive trials. Seven rate-frequency curves were collected per test session. Test sessions lasted anywhere from 1.25 to 2.50 hours. The first curve of the session served as a warm-up and was not included in the data analysis.
Intraventricular injection procedure. Cannula placement was verified by administering 50 ng angiotensin II (Sigma, St. Louis, MO) and determining whether vigorous drinking began within 5 min. All substances were infused in the right lateral ventricle at a rate of 1 ml/min through a stainless steel internal cannula (Plastics One, Roanoke, VA) that extended 1 mm beyond the tip of the guide cannula. The internal cannula was connected to a 5-l microsyringe (Hamilton, Reno, NV) by means of flexible polyethylene tubing. After infusion, the internal cannula was kept in place for 15 s.
Design. Training in the self-stimulation paradigm lasted for 1-2 days. As an index of the effectiveness of the rewarding stimulation, we used the stimulation frequency that maintained a half-maximal rate of reward delivery (M-50). Baseline responding was deemed stable when mean M-50 values shifted by Յ 0.04 log 10 units from day to day. Rate-frequency data were collected for 5-7 days after stabilization of baseline responding, and then the influence of food restriction on BSR was assessed. Daily food intake was limited to 10 grams/day until body weight reached ϳ75% of free-feeding values (approximately 2-3 weeks). During this time, BSR testing was carried out every few days to maintain self-stimulation performance. When body weights reached ϳ75% of normal free-feeding values, the amount of food supplied to each rat was adjusted daily in an attempt to hold body weight constant. Body weights stabilized after 2-4 days. During this period, regular BSR testing was carried out until steady M-50 values were achieved.
The influence of a 5-g dose of CRH (Sigma, St. Louis, MO) on BSR was tested twice in each rat, once at the end of the baseline (free-feeding) condition, when body weight was normal, and again at the end of the restriction condition, when body weight was stabilized at ϳ25% below its normal level. During both conditions, vehicle treatment (0.1 mol/l Tris, pH 7.35) was administered for 2 consecutive days, followed by CRH treatment on the 3rd day. BSR testing began 15 min after injections.
Food intake. The effectiveness of CRH (5 g) to suppress food intake was assessed in a separate group of rats (n ϭ 4). Powdered food was placed in cups attached to aluminum sheets that were molded to hang on the wall of the home cage. A flat-bottomed bowl was fixed underneath each food cup to catch spillage. After a week of habituation to the powdered food diet, 3-hr food intake was measured after intracerebroventricular vehicle (0.1 mol/l Tris, pH 7.35) administration and then measured again the following day after administration of 5 l of a 1 g/ml CRH solution over a 5-min period. All injections were made in the middle of the dark cycle, in accordance with self-stimulation testing times.
Data Analysis
Broken-line functions, with a horizontal lower asymptote, a rising linear segment, and a horizontal upper asymptote (Gallistel & Freyd, 1987) , were fit to each of the six rate-frequency curves collected daily. To indicate the position of the rate-frequency curve along the frequency axis, the M-50 value was derived from each broken-line function by interpolation. Potentiation of the rewarding effect drives these curves to the left, thus reducing the M-50 value, whereas reduction in reward effectiveness produces rightward shifts and increases the M-50 value. The maximum number of rewards earned (Max-R) was estimated from the upper asymptote of each broken-line function. Changes in Max-R serve as an index of performance capacity (Miliaressis, Rompré, Laviolette, Philippe, & Coulombe, 1986) . By means of a one-way analyses of variance (ANOVA), a set of 12 M-50 values from 2 consecutive days in the free-feeding condition was compared with a set of 12 values obtained just after body weight stabilized at ϳ75% of normal values for each subject. Similarly, the ANOVA preformed to assess the effects of food restriction on performance capacity in each rat entailed comparison of a set of 12 Max-R values from the free-feeding condition to a set of 12 Max-R values from the food restriction condition. We calculated ⌬M-50 for each rat by subtracting the mean of the 12 M-50 values collected during free feeding from the mean of the 12 M-50 values obtained under food restriction. Given that only a proportion of the subjects demonstrated a decrease in M-50 values after food restriction (restrictionsensitive), a one-way ANOVA was used to compare the ⌬M-50 values from this group to the ⌬M-50 values from the remaining rats that were insensitive to the food restriction manipulation (restriction-insensitive).
The CRH test during free feeding intervened between the gathering of the M-50 values during free feeding and the food restriction test, whereas the CRH test during food restriction was performed when desired body weight values became stable. For the analysis of the effects of CRH, a within-subject, one-way ANOVA was used to compare a set of 12 M-50 values collected during the 2 vehicle-treatment days with the 6 M-50 values collected on the day of CRH administration. We calculated ⌬M-50 for each rat by subtracting the mean of the 12 M-50 values collected during vehicle administration from the mean of the 6 M-50 values obtained just after CRH administration. By means of a two-way ANOVA, ⌬M-50 values after CRH administration were compared as a function of restriction sensitivity and feeding condition (free feeding and food restriction). Changes in the Max-R parameter were evaluated in an analogous fashion. A level of p Ͻ .05 for a two-tailed test was considered critical for statistical significance.
Differences in total electrical charge between restriction-sensitive and restriction-insensitive rats were assessed by means of a one-way ANOVA that compared total charge per train (C) in the baseline condition between groups. Total charge was calculated by multiplying the current (A) ϫ number of pulses ϫ pulse duration (0.0001 s) for each rat.
Histology
After completion of testing, the stimulation sites were marked by means of the Prussian blue method. With the stimulating electrode serving as the anode, 100 mA direct current was applied for 15 s. Rats were then injected with a lethal dose of sodium pentobarbital (Somnotol, 100 mg/kg ip) and perfused intracardially with phosphate-buffered saline followed by a mixture of 10% (wt/vol) Formalin (100 ml), trychloroacetic acid (0.5 g), potassium ferrocyanide (3 g), and potassium ferricyanide (3 g). Brains were removed and stored in 10% Formalin. After immersion in a 20% (wt/vol) sucrose-Formalin solution for at least 24 hr, the brains were frozen, sliced on a cryostat in 30-m coronal sections, and mounted on precoated slides (Fisher Scientific, Atlanta, GA). Sections were stained for Nissl substance with formol thionin. The location of stimulation sites was identified with the aid of a stereotaxic atlas (Paxinos & Watson, 1998) .
Results
Food Intake
During the 3 hr after a 5-g infusion of CRH, total food intake was 64% lower than after vehicle treatment (see Figure 1) .
Chronic Food Restriction
Initial body weights ranged from 455 to 610 g. After food restriction, body weight fell to 347-460 g.
In 8 out of 16 subjects, chronic food restriction reduced M-50 values. Examples of the data obtained from these rats are shown in Figures 2A and 2C and show that curves taken during food restriction lie to the left of the curves obtained during free feeding; the corresponding M-50 values (see Figure 2E ) decreased by 0.03-0.27 log 10 units. In the remaining 8 subjects, the rate-frequency curves obtained during restriction overlap the curves obtained during free feeding (see, e.g., Figures 2B and 2D) , and the corresponding M-50 values remained stable (see Figure 2F) . The results of a one-way ANOVA revealed that ⌬M-50 values of the restriction-sensitive group (Ϫ0.104 Ϯ 0.08) were significantly lower than the ⌬M-50 values of the restriction-insensitive groups (Ϫ0.004 Ϯ 0.01), F(1, 15) ϭ 11.96, p ϭ .01. Table 1 illustrates changes in Max-R after the three manipulations. Three subjects in the restriction-insensitive group showed a significant decrease in Max-R, whereas another subject in that group displayed a significant increase. In the restriction-sensitive Figure 1 . Effect of an intraventricular infusion of corticotropin-releasing hormone (5 g) on 3-hr food intake as compared with vehicle treatment (n ϭ 4). group, Max-R was significantly elevated in 4 rats after food restriction, whereas it decreased in 1 rat.
The analysis of total charge per train revealed no systematic differences between the restriction-sensitive and restrictioninsensitive groups, F(1, 15) ϭ 0.12, p ϭ .73.
Effect of CRH on M-50 Values
In 7 of the 8 rats in which M-50 values decreased after chronic food restriction, CRH administration had very little effect on LH self-stimulation (see Figure 3E ). The rate-frequency curves obtained from these subjects after CRH administration overlap those obtained after vehicle administration (see Figures 3A and 3C) , during both the free-feeding and food restriction conditions. In contrast, CRH produced a large and significant potentiation of BSR (a decrease in M-50) in Subject C17 (see Figure 3E) .
Strikingly different effects were seen in the 8 rats that were unresponsive to chronic food restriction. In these subjects, CRH reduced the rewarding impact of the stimulation. This is illustrated in Figures 3B and 3D by the rightward shift of rate-frequency curves obtained after CRH administration with respect to the Figure 2 . Effects of chronic food restriction (Restrict) on self-stimulation at lateral hypothalamus sites where the rewarding effect of electrical stimulation is sensitive or insensitive to chronic food restriction. A and C: Rate-frequency curves obtained with stimulation of a restriction-sensitive site are shifted leftward after chronic food restriction with respect to curves obtained during free feeding (Base). B and D: Conversely, stimulation of a nearby, restriction-insensitive site generates overlapping rate-frequency curves after chronic food as compared with curves collected during free feeding. Each data point in Panels A, B, C and D is an average of six measures collected on each test day. Error bars represent SE. E and F: Magnitude of the curve shifts produced by chronic food restriction in all subjects. M-50 represents the stimulation frequency required to maintain half the maximal number of rewards earned. Alphanumeric designators indicate individual rats. curves obtained after vehicle administration. The increase in the M-50 values produced by CRH was of similar magnitude during the free-feeding and food restriction conditions (see Figure 3F) .
The results of a two-way ANOVA, assessing ⌬M-50 values after CRH administration as a function of restriction-sensitivity and feeding condition, show a significant main effect of restriction-sensitivity: ⌬M-50 values after CRH administration were significantly greater for the restriction-insensitive group (0.082 Ϯ 0.056) as compared with the restriction-sensitive group (0.018 Ϯ 0.05), F(1, 31) ϭ 26.96, p Ͻ .0001. There was no difference in ⌬M-50 values between feeding conditions, F(1, 31) ϭ 0.09, p ϭ .76, and no interaction between restrictionsensitivity and feeding condition, F(1, 31) Ͻ .001, p ϭ .96.
Effects of CRH on Performance Capacity
As shown in Table 1 , 5 of the 8 restriction-insensitive subjects showed significant decreases in Max-R after CRH administration during both the free-feeding and food restriction conditions. Three rats from the restriction-sensitive group showed significant increases in Max-R after CRH administration during free feeding, whereas 2 rats from this group displayed significant decreases. During food restriction, CRH infusion decreased Max-R in only 1 restriction-sensitive subject.
The results of a two-way ANOVA show a significant main effect of restriction-sensitivity on Max-R values. Max-R values after CRH administration decreased by an average of 3.27 Ϯ 3.36 in restriction-insensitive rats, as compared with a mean increase of 0.018 Ϯ 0.013 in restriction-sensitive rats, F(1, 31) ϭ 26.96, p Ͻ .01. There was no difference in ⌬Max-R values between feeding conditions, F(1, 31) ϭ 0.09, p ϭ .76, and no interaction between restriction sensitivity and feeding condition, F(1, 31) Ͻ .001, p ϭ .96.
Electrode Placements
Histological localization of the electrode tips revealed that sites where BSR was enhanced by chronic food restriction and unaffected by CRH were dorsal or dorsolateral to the fornix (see Figure  4) . The remaining sites were sometimes nearby but tended to lie around the periphery of the region where restriction-sensitive sites have been found in this and previous studies (Carr & Wolinsky, 1993; Fulton et al., 2000, in press ). The site where BSR was enhanced by both food restriction and CRH (Rat C17) was the most dorsal of all electrode placements (-3.14 mm from bregma). One rat (C15) died prematurely, and the brain of another (C6) was subject to histological error, thus the location of their electrode tips could not be determined.
Discussion
In half of the 16 subjects, chronic food restriction produced a significant potentiation of BSR: The rate frequency curves shifted leftward by varying amounts. In the remaining subjects, the M-50 values remained remarkably stable despite the fact that the weight loss in these subjects was as great as in the subjects with restriction-sensitive electrode placements and was very substantial (ϳ25%). This finding is consistent with previous reports that food restriction and body weight loss lower rate-frequency thresholds at certain stimulation sites in the LH (Abrahamsen, Berman, & Carr, 1995; Fulton et al., 2000, in press ). The simplest explanation for the striking contrast in the effect of weight loss is that signals reflecting the state of the fat stores modulate a neural signal that is induced by or dependent on the stimulation of neurons arising, terminating, or coursing through the LH. Consistent with this interpretation is the notion that the rewarding effect of LH stimulation arises from activation of multiple, functionally distinct subpopulations of intertwined neurons (Arvanitogiannis, Waraczynski, & Shizgal, 1996) . More support for the existence of multiple subpopulations of reward neurons activated by LH stimulation comes from the different effects of CRH administration we obtained at the two sets of stimulation sites. At all eight restriction-insensitive sites, CRH significantly increased M-50 values, indicating that the rewarding impact of the stimulation was reduced. In contrast, CRH was without effect at seven out of the eight restriction-sensitive sites. In a previous experiment, the modulation of BSR by central administration of the anorexigenic hormone, leptin, was assessed (Fulton et al., 2000) . The influence of leptin was found to depend on whether the rewarding effect of the LH stimulation was sensitive to chronic food restriction. Here, we demonstrate that the influence on BSR of another centrally administered anorexigenic substance, Figure 3 . Divergent effects of corticotropin-releasing hormone (CRH) on the rewarding impact of lateral hypothalamic stimulation at restriction-sensitive sites or restriction-insensitive sites. A and C: At restrictionsensitive stimulation sites, rate-frequency curves obtained after CRH infusion overlap those collected during vehicle infusion. B and D: In contrast, at restriction-insensitive stimulation sites, rate-frequency curves obtained after CRH infusion are shifted to the right with respect to curves collected after vehicle infusion. Each data point in Panels A, B, C, and D is an average of six measures collected on each test day. Error bars represent SE. E and F: Magnitude of the curve shifts produced by CRH in all subjects. M-50 represents the stimulation frequency required to maintain half the maximal number of rewards earned. Alphanumeric designators indicate individual rats.
CRH, also depends on whether the rewarding effect produced at a given LH site was sensitive to chronic food restriction. Nonetheless, it is unlikely that CRH mediates the influence of leptin on BSR at restriction-sensitive sites: The effects of CRH at these sites differed from the previously reported effects of leptin.
That CRH increased M-50 values at restriction-insensitive sites is consistent with a recent report that CRH and urocortin increase the threshold current required to support LH self-stimulation, an effect that was reversed by a nonselective CRH receptor antagonist (Macey, Koob, & Markou, 2000) . Such CRH-induced decreases in BSR are reminiscent of the effects of stressors (McCutcheon, Rosellini, & Bandel, 1991; Valentino, Dufresne, & Riccitelli, 1990) . For example, Valentino and coworkers subjected rats to an inescapable swim and found that BSR thresholds were elevated 3 hr later. CRH-containing neurons, in addition to those controlling ACTH release, are activated by stressors, and intraventricular administration of CRH produces anxiogenic effects (Koob & Heinrichs, 1999) . Thus, CRH-containing neurons could well mediate the attenuation of BSR produced by exposure to stressors. It has also been pointed out (Macey et al., 2000) that CRH is implicated in drug withdrawal and may contribute to the elevation of BSR thresholds during such states.
The stability of the rate-frequency curves obtained from seven of the eight restriction-sensitive sites after CRH administration stands in contrast to the results reported by Macey et al. (2000) . This contrast could reflect different distributions of electrode placements in the two studies. For example, it is possible that the stimulation sites in the study of Macey et al. were drawn largely or solely from the restriction-insensitive population. If so, the results of the two studies would be in agreement.
The failure of CRH to alter M-50 values at most restrictionsensitive sites could reflect insensitivity to the effects of this neuropeptide in the restriction-sensitive subpopulation of rewardrelated neurons and their efferents. Perhaps stimulation of the restriction-sensitive subpopulation antagonizes the anxiogenic effect of CRH. An alternate model also bears consideration. It is likely that even at the restriction-sensitive sites, only a portion of the directly stimulated reward-related neurons are drawn from the restriction-sensitive subpopulation. Perhaps CRH produces two opposing effects that cancel each other, thus enhancing the component of the rewarding effect due to the restriction-sensitive neurons and attenuating the component due to the restrictioninsensitive neurons. A reason for considering such a view is that a robust reward-enhancing effect of CRH was seen in the 8th subject in the restriction-sensitive group, C17. In this subject, CRH produced substantial leftward curve shifts, both during food restriction and during free feeding. It is noteworthy that the effect of chronic food restriction in this subject was larger than in any other: half of the M-50 value. Thus, if CRH enhances the rewarding effect of stimulating a restriction-sensitive population of reward-related neurons, such an effect would most likely be seen in this subject. It is not beyond the realm of plausibility that certain CRHcontaining neurons promote appetitive behaviors whereas others suppress such behaviors. Indeed, although infusion of CRH into the lateral ventricles does reduce food intake, release of CRH in the amygdala has been noted during and immediately after ingestive behavior (Merali, McIntosh, Kent, Michaud, & Anisman, 1998) .
There were consistent changes in the Max-R values obtained from the restriction-insensitive sites after CRH administration, reflecting a decrease in asymptotic performance. In 5 of these 8 cases, CRH significantly reduced Max-R values when administered during free feeding. During food restriction, even more pronounced reductions in Max-R were seen in these 5 rats, and there was a trend toward a similar effect in the remaining 3 rats. Neither chronic food restriction nor CRH administration produced consistent alterations in this measure of asymptotic performance at restriction-sensitive stimulation sites. There were differences between the two groups of rats such that CRH produced an overall Figure 4 . Location of the tips of the stimulation electrodes. Electrodes producing rewarding effects that were enhanced by chronic food restriction are designated by filled triangles, and electrodes producing rewarding effects that were unaffected by chronic food restriction are designated by filled circles. From The Rat Brain in Stereotaxic Coordinates (4th ed., Figures 31-36) , by G. Paxinos and C. Watson, 1998 , San Diego, CA: Academic Press. Copyright 1998 by Academic Press. Adapted with permission. f ϭ fornix; LH ϭ lateral hypothalamus; DMH ϭ dorsomedial hypothalamus; VMH ϭ ventromedial hypothalamus; ARC ϭ arcuate nucleus. decrease in the Max-R parameter in the restriction-insensitive group that was not observed in the restriction-sensitive group.
Decreases in asymptotic performance may reflect reduction in the capacity of the subjects to perform the operant response (Miliaressis et al., 1986) . Alternatively, CRH may potentiate a behavior, such as grooming (Morley & Levine, 1982) , that is incompatible with leverpressing. As discussed above, the absence of systematic changes in Max-R values in the restriction-sensitive group could reflect the absence of CRH action on the restriction-sensitive pathway or to an anxiolytic effect of activating these neurons.
In their study of the modulation of BSR by CRH and urocortin, Macey et al. (2000) did not observe changes in the latency to respond or in an index of response forcefulness. They concluded that CRH did not reduce performance capacity. The difference between their results and the changes reported here in the Max-R values obtained at the restriction-insensitive sites may be due to differences between the two testing paradigms. In the discrete-trial paradigm used by Macey et al., an intertrial interval averaging 10 s in duration provides the rats with the opportunity to engage in behaviors other than leverpressing without losing the opportunity to obtain rewarding stimulation; the intertrial interval is longer than the trial. In the paradigm used here, the 10-s intertrial interval is short in comparison to the 60-s trial, and thus the tendency to engage during the trial in behaviors incompatible with leverpressing is likely to be greater. Thus, CRH-induced potentiation of behaviors such as grooming would be more likely to reduce the asymptotic reward rate in the paradigm used here than in the paradigm used by Macey et al.
The position set forth in the above discussion to explain the observed differences between restriction-sensitive and restrictioninsensitive rats is that the response to chronic food restriction and CRH administration is dependent on the site of stimulation. A similar distinction between restriction-sensitive and restrictioninsensitive sites in the LH has also been drawn by others (Abrahamsen et al., 1995; Blundell & Herberg, 1968; Cabeza de Vaca et al., 1998; Carr & Papadouka, 1994; Carr & Wolinsky, 1993) . In this study, as in two others, we have found that the rewarding effect induced via electrode tips dorsal or dorsolateral to the fornix is always restriction-sensitive, whereas we have never seen restriction-sensitivity at sites in the far-lateral hypothalamus or at sites medial to the fornix (Fulton et al., 2000, in press ). The results are mixed at intervening sites as well as in a region roughly 1 mm dorsal to the fornix at the anteroposterior level of the dorsomedial hypothalamus. Our results are consistent with the reports of others such that sites where BSR is most often enhanced by food restriction lie dorsal or dorsolateral to the fornix (Carr & Wolinsky, 1993) .
That small differences in electrode location could produce differential recruitment of neural populations seems plausible when data from moveable electrode mapping studies are taken into account. These studies, performed with electrode sizes and stimulation parameters similar to those used in the present study, demonstrate that downward displacement of a stimulation electrode by only 130 -160 m can produce substantial changes in the BSR threshold (Forgie & Shizgal, 1993; Rompré & Miliaressis, 1985) .
An alternative hypothesis that deserves consideration is that the divergent responses to chronic food restriction and CRH are not due to variation in electrode placement but rather reflect individual differences in sensitivity to food restriction or stress. Evidence from related areas of research suggests that such individual differences can be important. For example, only a proportion of rats become obese in response to a high calorie diet (diet-induced obesity), and glucoresponsive neurons in these rats show a reduced response to glucose in comparison to diet-resistant rats (Levin et al., 1999) . In addition, there are pronounced individual differences in the propensity of rats to self-administer rewarding drugs (Piazza, Deroche-Gamonent, Rouge-Pont, & LeMoal, 2000) . By challenging BSR at multiple stimulation sites in the same rat, it will be possible to determine whether differences in electrode placement contribute to the observed variation in the response to chronic food restriction and CRH, above and beyond any contribution of individual differences. Identifying the neurons responsible for such an effect of varying electrode placement would shed light on the functional organization of brain reward circuitry. Similarly, establishing that individual differences render particular subjects more sensitive to the effects of chronic food restriction and CRH would add to a large body of work on individual vulnerability to behavioral and physiological dysregulation.
In a previous study, the rewarding effect produced by electrical stimulation of restriction-sensitive PFH sites was shown to be reduced by leptin. In contrast, in the present study, CRH failed to alter BSR at most restriction-sensitive sites. Thus, CRH is unlikely to mediate the influence of leptin on the rewarding effect of stimulating restriction-sensitive sites. At restriction-insensitive sites, CRH produced consistent rightward shifts of rate-frequency curves, suggesting that the rewarding effect of the stimulation was attenuated. These rightward shifts are reminiscent of the effects of stressors on BSR. In addition, asymptotic responding was reduced in most rats with restriction-insensitive stimulation sites, implying that CRH reduces the capacity of rats to perform for BSR at these sites. Taken together, the results add to the evidence that the sensitivity of BSR to chronic food restriction is a crucial variable in determining the influence of hormones and neuropeptides on the rewarding effect of the stimulation. Functional heterogeneity in central CRH pathways may contribute to the contrasting influence of this neuropeptide on the rewarding effect produced by stimulation of restriction-sensitive and restriction-insensitive sites. In turn, the demonstration that the reward-modulating effects of both CRH and leptin differ at these two classes of BSR sites provides further support for the view that central reward-related circuitry is subdivided along functional lines (Hoebel, 1969) .
